Two screening methods for isolation of mutants of Streptomyces clavuligerus with altered control of nitrogen metabolism enzymes are described. Thirty-eight prototrophic mutants with simultaneous deregulation of urease and glutamine synthetase were isolated. Nine mutants were examined in more detail and they also showed deregulated formation of arginase and ornithine aminotransferase. Different patterns of altered control of all four enzymes were observed. Inactivation of glutamine synthetase after ammonium shock took place to different extents in these nine strains, and seven of them had a thermosensitive glutamine synthetase activity. It is concluded that a system of nitrogen control, in which glutamine synthetase has a key role, is present in S. clavuligerus. Cephalosporin production was depressed by ammonium in all the mutants, irrespective of the alterations in nitrogen control of primary metabolism.
INTRODUCTION
In some micro-organisms, a variety of metabolic pathways involved in nitrogen assimilation are regulated in response to nitrogen availability. Processes such as ammonium assimilation, transport and catabolism of nitrogen compounds, and nitrogen fixation are usually subject to this type of control. In general terms, under conditions of nitrogen excess the cells utilize ammonium preferentially and repress the mechanisms of utilization of alternative nitrogen sources. When nitrogen becomes limiting these alternative routes can be activated (Magasanik, 1982; Merrick, 1988) .
Such a system of nitrogen regulation has been studied in detail only in enteric bacteria (the ntr system). It constitutes a complex regulon with its own sigma factor and a series of proteins able to recognize the nitrogen status of the cell and to act accordingly on the expression of genes under nitrogen control (Magasanik, 1982; Merrick, 1988) . Other Gram-negative bacteria such as representatives of Pseudumunas (Dixon, 1986; Janssen et al., 1982) , Thiobacillus (Barros et al., 1985) , Azotobacter (Toukdarian & Kennedy, 1986) , and members of the Rhizobiaceae (Nixon et al., 1986; Ronson et al., 1987; Rossbach et al., 1987; Szeto et al., 1987) appear to have regulatory circuits resembling the ntr system, whereas a different mechanism may operate in other groups (Singh et al., 1985; Tumer et al., 1983) . Amongst Gram-positive bacteria, the formation of enzymes involved in ammonium assimilation, especially glutamine synthetase (GS ; EC 6.3.1.2), is influenced by the nitrogen source in Bacillus (Schreier et al., 1981 (Schreier et al., , 1985 and Clostridium (Usdin et al., 1986.; Janssen et al., 1988) , but nitrogen control of enzymes involved in utilization of nitrogen sources has rarely been reported (Baumberg & Harwood, 1979 ; Broman et al., 1978; Golden & Bernlohr, 1985) . In any case, evidence for a global regulatory network equivalent to the ntr system is lacking in Gram-positive bacteria (Schreier et al., 1982 (Schreier et al., , 1985 .
v . BASCARAN, c . HARDISSON AND A . F . BRARA
We have provided evidence that in the Gram-positive bacterium Streptomyces clauuligerus the formation of at least four enzyme activities is controlled according to the nature of the nitrogen source supplied (Bascaran et al., 1989) . These activities, arginase (EC 3.5.3. l), omithine aminotransferase (OAT; EC 2.6.1 .13), urease (EC 3.5.1 .5), and GS, decreased in media with ammonium, and the latter two enzymes suffered coordinated changes in mutants altered in the enzymes of ammonium assimilation. The isolation of a high number of deregulated mutants has now provided evidence for a regulatory linkage between these activities, suggesting that a global system of nitrogen control may exist in this species. In addition, we have tested the effect of these mutations on the production of cephalosporins by these strains, a process that is also under nitrogen control (Braiia et al., 1985, 1986b) .
METHODS
Micro-organisms, media and enzyme and chemical analysis. S. clavuligerus NRRL 3585 (ATCC 27064) was used as the wild-type strain. Mutant derivatives obtained in the course of this work are described in Results. Media, culture conditions, analytical techniques, and the procedures for enzyme determinations are described in the accompanying paper (Bascarin et al., 1989) .
Isolation of deregulated mutants. Spores of wild-type S. clavuligerus were mutagenized with N-methyl-K-nitro-Nnitrosoguanidine (Braiia et al., 1986a) . Two alternative screening methods were then used.
Method 1. The mutagenized spores were plated on MF medium, without MOPS and supplemented with 0.2% (w/v) yeast extract (Oxoid), 10 m-glutamine and 40 rnwNH,Cl. After 8 d incubation, 5 ml double-strength urea broth (Difco) was poured onto each plate and incubation continued for another 24 h. Under these repressing conditions, wild-type colonies have a urease-negative phenotype, and the colour of the medium remains orange. Mutants deregulated for urease formation would produce ammonia from urea and cause a change in the colour of the pH indicator, phenol red. Of approximately 3000 colonies screened, one caused a colour change to red and was subsequently purified.
Method 2. The mutagenized spores were plated on sporulation medium supplemented with 5 m-glutamine, to give approximately 70 colonies per plate. Colonies that had grown after 8 d were replica-plated to an indicator medium which was based on MF but without MOPS, with K2HP04 at 0.35 g l-l, and supplemented with 0.2% (w/v) yeast extract, 40 m~-NH,cl, 04025% (w/v) phenol red, and 2% (w/v) agar, pH 6.7. After autoclaving, 12.5 m-glutamine and 2% (w/v) urea (final concentrations), previously sterilized by filtration, were added. Plates were incubated for up to 12 d at 30 "C and colonies causing alkalinization of the medium were streaked onto sporulation medium with 5 m-glutamine and retested in indicator medium. Forty-eight such mutants were isolated in two independent experiments, from about 20000 colonies examined.
Antibiotic assays. Production of cephalosporins, mainly cephamycin C (Braiia et al., 1985) , was estimated in solid or liquid MF medium. In solid medium the microsrganisms were seeded to give lawns on plates containing 20 ml solid MF medium with 15 m-glutamine and with or without 80 m~-NH,cl. Immediately after inoculation, small plugs (2.5 mm in diameter) of inoculated agar were removed using sterile straws. The plugs were incubated at 30 "C in a humidified atmosphere and their antibiotic content determined after 4 and 7 d. The cultures in liquid medium contained 15 mwglutamine, with or without 40 mM-NH,Cl, and were sampled daily. In both cases, the antibiotic produced was measured by bioassay with Escherichia coli ESS as the indicator organism. One unit of antibiotic is defined as the amount producing an inhibition zone equivalent to 1 pg cephalosporin C.
RESULTS

Isolation of mutants
Method 1 gave a high risk of cross-contamination between colonies and, as became apparent later, a weak colour change. Nevertheless, one strain, designated M1, with altered production of urease (see below), was isolated. This mutant strain was used to develop an improved indicator medium based on the same principle, but with a very low buffering capacity resulting in a more intense response (method 2). Unfortunately, plating of the mutagenized spores directly on this indicator medium gave a lower number of colonies than expected, presumably due to some toxic effect of phenol red on spore germination. Therefore, an intermediate step of growth on sporulation medium was added, and the resulting colonies were replicated to indicator medium before reaching the sporulation stage. Glutamine was included in media throughout the selection procedure to ensure recovery of mutants exhibiting glutamine auxotrophy, a phenotype frequently found in nitrogen-deregulated mutants of enteric bacteria. Amongst the
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48 mutant strains isolated in this way in two independent experiments, there was considerable variation in the extent of the colour change observed.
Characterization of mutants None of the strains isolated exhibited a glutamine requirement. The formation of GS and urease was tested in all the strains in MF medium with alanine, alanine plus ammonium, and alanine plus ammonium plus glutamine, conditions that result in a progressive decrease in urease activity in the wild-type. Four of the mutants did not grow in any of these defined media and were not investigated further. In seven of the strains, the activities and regulation of GS and urease were similar to the wild-type. These strains may be revertants or represent false mutant isolations. All the remaining strains (38) were simultaneously altered in the regulation of GS and urease when compared to the wild-type. We selected nine strains that may be considered as representative of the different regulatory patterns observed. The regulation of GS, urease, OAT and arginase was investigated in the wild-type and the nine mutants ( Table 1 ). The most dramatic effects were observed for GS, with activities lower than the wild-type repressed levels in most of the mutants, and for urease, which showed a variety of deregulated behaviours. The formation of OAT and arginase in the different media used was also altered in different ways with respect to the regulation observed in the wild-type. Arginase activities in two of the mutants (M32 and M44) could not be compared due to their lack of growth in liquid MF medium with arginine as the sole nitrogen source. From the results shown in Table 1 , it is evident that in many cases the mutations did not affect the control of the four enzymes tested in the same way. Histidase formation, which is not under nitrogen control in S . clavuligerus (Bascarin et al., 1989) , was also studied in these strains. Both the induced activities (in MF medium with alanine plus histidine) and the basal levels (with alanine) of the mutants were within &30% of the respective histidase activities measured in the wild-type (data not shown).
Characteristics of GS of the mutants
Given the central role of GS and its adenylylation system in the known systems of nitrogen control (Magasanik, 1982; Merrick, 1988) , we attempted to investigate in our mutants possible alterations in the mechanism of GS modification in S. clavuligerus (Bascarin et al., 1989) . During preliminary attempts to reactivate GS in the mutants by incubation with snake venom phosphodiesterase (SVPDE), it was observed that GS activity decreased dramatically in many cases. The stability of the enzyme was tested by mild heat treatments of crude extracts (45 "C or 60 "C, 15 min), that have little or no effect on wild-type GS, followed by assay at 20 "C instead of 35 "C. As shown in Table 2 , these procedures affected, more or less severely, the GS activity of seven of the nine strains tested. As a consequence, the conditions for reactivation of GS were altered in an attempt to find a compromise between the stability of the GS and the activity of the SVPDE: crude extracts were incubated for 1 h at 20 "C with a double concentration (200 pg ml-l) of SVPDE, and the activities were then assayed at 20 "C with reaction times usually less than 15 min.
Ammonium shock of cultures growing with glutamate caused a rapid drop in GS activity in all the mutants, indicating that they conserved a functional system of GS modification (Table 2) . However, the degree of inactivation was lower in most of the mutants than in the wild-type, with a considerable variation between strains. The subsequent treatment of the extracts from ammonium-shocked cultures with SVPDE allowed recovery of the GS activities to different extents (except for mutants M16 and M32). Control treatments with water substituting for SVPDE showed partial losses of GS activity after 1 h at 20 "C in the extracts from mutants with a thermosensitive GS, which probably explains the inability to recover the original activities in these mutants. The fraction of modified GS during exponential growth was tentatively estimated by incubation of the corresponding extracts with SVPDE (Table 2) . GS activity of the wild-type and the mutants MI, M44 and M49 increased to a similar extent (20-30%). This increase was higher in M3 and M31, while the instability of the enzymes from M16, M32 and M38 prevented any estimation of the modified enzyme. Other characteristics of the mutants The ability of the nine selected mutants to utilize different nitrogen sources was tested in solid MF medium with one of the following added to a final concentration of 1 0~: alanine, arginine, aspartate, asparagine, glutamate, glutamine, NH,Cl, proline, serine, threonine or urea. After 7 d of incubation, growth was observed in all cases, except for strains M3 and M49 in media with serine or threonine. However, marked differences in growth rate and colony size were evident between the strains. In general, the mutants grew poorly, as compared to the wildtype, in media with arginine, NH4Cl or urea. Assimilation of ammonium or nitrogen sources that are deaminated is likely to be hampered in most of the mutants due to their low GS activities. This was confirmed with strain M1, which showed a generation time of 32 h in liquid MF medium with NH4Cl as nitrogen source, against 14 h for the wild-type under the same conditions. Furthermore, the intracellular pool of glutamine (the immediate product of ammonium assimilation) in media with ammonium or glutamine plus ammonium was much lower in M1 than in the wild-type (Table 3) . It was also observed that strain M44 suffered a partial growth inhibition in the presence of ammonium in the liquid media employed for enzyme determinations.
All the confirmed 38 mutants retained the ability to differentiate and to form spores. Among the nine characterized strains, M3 sporulated poorly whereas the rest did so faster and more heavily than the wild-type. Antibiotic production, measured in plugs of solid medium, was strongly decreased by ammonium in all the mutants. This result was confirmed in the nine selected mutants growing in liquid media. All of them produced cephalosporins, but ammonium lowered the antibiotic titres (Table 4) . It seems that ammonium repression of antibiotic production is mediated by mechanisms different from those governing ammonium assimilation (Braiia et al., 19863) or nitrogen control of primary metabolism.
DISCUSSION
Two methods that allow easy recognition of nitrogen deregulated mutants have been developed. They were inspired by a published method to identify nitrogenase-derepressed mutants of Anabaena variabilis that excreted ammonia (Spiller et al., 1986) . In this case, mutants able to produce urease under conditions that are repressing for the wild-type were expected. Although this was true for some of the strains obtained, we were surprised by the isolation of mutants with urease activities even lower than those of the wild-type. In some cases, such as mutant M16, this might be explained by their reduced ability to assimilate ammonium generated in diverse metabolic processes, due to low GS activity. In fact, a glutamine auxotroph strain of S. clavuligerus (gln-4) produces a weak red colour in indicator medium in spite of its inability to derepress urease (Bascarhn et al., 1989) . We have no explanation for the isolation of strains like M49 with high GS and repressed urease activities. In any case, method 2 in particular has proved to work efficiently in isolating deregulated strains of S . clavuligerus and it might be useful for similar purposes in other species with a nitrogen-controlled urease.
The simultaneous deregulation observed in the formation of four enzymes related to nitrogen nutrition in most of the nine mutants characterized cannot be reasonably attributed to different combinations of multiple mutations and, therefore, it appears that a regulatory linkage exists between all of them. The unaltered formation of histidase suggests that the effects of the mutations are specific for nitrogen-controlled enzymes, although non-specific effects as a consequence of the alterations in nitrogen assimilation cannot be excluded. It is also evident that the mutations do not affect the four activities in the same way (for example, strain M49 has derepressed GS and arginase whereas urease and OAT are maintained at basal levels), which Nitrogen control in Streptomyces 248 1 indicates regulatory peculiarities. Arginase, at least, is also derepressed by nutrient starvation (V. Bascarin and others, unpublished results), which suggests that multiple promoters and overlapping control mechanisms may be involved in the regulatory diversity. GS was severely affected in all the mutant strains isolated, most of which had very low activities. Seven of the nine mutants characterized had a thermosensitive GS enzyme, which implies that the activities measured may underestimate the amount of GS protein produced and, more importantly, that the mutations probably lie in the GS structural gene (glnA). There are at least three possibilities to explain the relationship between these abnormal GS enzymes and the deregulated formation of nitrogen catabolic enzymes. First, assuming that the intracellular glutamine levels act as a signal of nitrogen abundance, as occurs in other bacteria (Magasanik, 1988) , ammonium repression may be alleviated if glutamine synthesis is decreased in strains with very low GS activity. In this case addition of glutamine should restore, totally or partially, nitrogen repression. This is exemplified by the results obtained with strain M1. Another possibility is the existence of regulatory genes closely linked to glnA, as occurs in the ntr system (Magasanik, 1982) . Mutations in glnA might then have polar effects on the expression of these hypothetical adjacent genes. Finally, in Gram-positive spore-forming bacteria, although there is no evidence for a global system of nitrogen control, GS appears to regulate its own synthesis in response to the supply of nitrogen source. Different mutations or deletions in glnA lead to deregulated GS synthesis (Dean et ul., 1977; Schreier & Sonenshein, 1986; Janssen et ul., 1988) . The high frequency of S. cluvuligerus deregulated mutants with an apparently altered GS polypeptide suggests that GS protein might have a similar role, not only in controlling its own synthesis, but also in the formation of some nitrogen catabolic enzymes. Of course, none of the above possibilities are mutually excluding and different mechanisms, or a combination of them, may be involved in the generation of the diverse phenotypes. The mechanism of GS modification by adenylylation has a key role in nitrogen control in enteric bacteria, and mutations affecting this process have strong pleiotropic effects (Magasanik, 1982 (Magasanik, , 1988 . All the S. cluvuligerus mutants characterized were able to modify GS upon ammonium shock. The resulting drop in activity was usually lower than that observed in the wild-type, especially in mutants M32 and M44. This may be due to a deficient modification system, to the reduced glutamine-synthesizing ability of the mutants, to differences in GS protein that result in a different sensitivity to modification, or to the presence of an already partially modified GS. The last possibility was tested in exponential-phase cultures growing with ammonium. Although at least two mutants appeared to have a higher degree of modification, the multiple alternative explanations, complicated by the lability of the enzyme, do not allow us to establish any firm conclusion on the possible role of GS modification in nitrogen control.
In conclusion, S. cluvuligerus seems to have a regulatory system that participates in the control of several enzymes of nitrogen metabolism, and GS appears to have an important role in this mechanism. The discovery of such a system of control in a Gram-positive bacterium, and its elucidation and manipulation, providing it is widespread within Streptomyces species, should find applications in the industrial use of these micro-organisms. 
